Many bacteria harbor simple transposable elements termed insertion sequences (IS). In Helicobacter pylori, the chimeric IS605 family elements are particularly interesting due to their proximity to genes encoding gastric epithelial invasion factors. Protein sequences of IS605 transposases do not bear the hallmarks of other well-characterized transposases. We have solved the crystal structure of full-length transposase (TnpA) of a representative member, ISHp608. Structurally, TnpA does not resemble any characterized transposase; rather, it is related to rolling circle replication (RCR) proteins. Consistent with RCR, Mg 2+ and a conserved tyrosine, Tyr127, are essential for DNA nicking and the formation of a covalent intermediate between TnpA and DNA. TnpA is dimeric, contains two shared active sites, and binds two DNA stem loops representing the conserved inverted repeats near each end of ISHp608. The cocrystal structure with stem-loop DNA illustrates how this family of transposases specifically recognizes and pairs ends, necessary steps during transposition.
Introduction
As the number of completed genome sequencing projects rises, it is clear that transposable elements have affected genome evolution, both in bacteria (Chain et The IS605 group of insertion sequences (IS) is an intriguing group of transposable elements. Several are found in Helicobacter pylori, a bacterium that induces gastric inflammation often resulting in peptic ulcers and sometimes in gastric cancer (Naumann and Crabtree, 2004). The IS605 elements were initially found associated with the cytotoxic-associated pathogenicity island of H. pylori, which expresses a protein secretion system required for stomach epithelial cell invasion (Akopyants et al., 1998; Censini et al., 1996) . Protein sequence comparison of the transposases encoded by IS605 elements places them within the IS200 family, which have been identified in over 60 eubacteria and archaea species ( Figure 1A The IS91 transposase contains two of the three conserved protein sequence motifs identified in RCR proteins, a His-hydrophobic-His (HUH) motif required for metal ion binding, and a YxxxY motif containing two conserved catalytic tyrosine residues (Ilyina and Koonin, 1992; Koonin and Ilyina, 1993; Mendiola and de la Cruz, 1992). These motifs are essential for IS91 transposition (Garcillán-Barcia et al., 2001). Although ISHp608 TnpA contains an apparent HUH motif, it has only one conserved tyrosine, Tyr127. Furthermore, with 426 residues, the IS91 transposase is much larger than TnpA, in part because of additional domains. In fact, the 155 residues of ISHp608 TnpA make it one of the smallest identified transposases.
To understand how a transposase as diminutive as ISHp608 TnpA can orchestrate transposase end recognition, form a synaptic complex, and catalyze cleavage reactions, we have determined the crystal struc- (Figure 2A ). Subdomain one (residues 18-117) contains a four-stranded antiparallel β sheet (β2-β5) that is flanked on one face by three helices (αA, αB, and helix-C [one turn of a 3 10 helix followed immediately by an α-helical turn]), while the other face is solvent exposed. In subdomain two, formed by the N-terminal 17 residues and the C-terminal 34 residues, two antiparallel β strands (β1 and β2) pack against helix αE, while helix αD does not interact with other secondary structural elements within its own monomer. Strands β2 and β5 are essential for dimerization as they weave together the two molecules to form what is in essence a large seven-stranded β sheet. Near the C-terminal end of strand β5, the chain crosses over the corresponding strand β5 of the second monomer and continues in the same general direction. The helix that follows this crossover (αD) forms hydrophobic contacts with strands β2 and β5 of the other monomer. As a result, the extended β sheet is sandwiched between layers of helices with helices αA-αC from both molecules on one face of the sheet and helices αD and αE on the other.
The total buried dimer interface is 1670 Å 2 , of which 92% is contributed by residues forming the central β sheet and helix αD. The remainder arises from the convergence of the N termini of the two αB helices (along with the preceding loop) on one face of the sheet.
Structurally Related Proteins
ISHp608 TnpA is not similar to any structurally characterized transposase. Nevertheless, results from a DALI search (Holm and Sander, 1993) indicate that TnpA resembles protein structures containing a common organization of secondary structural elements termed the RNA recognition motif (RRM) (Burd and Dreyfuss, 1994 ). This motif is formed by four antiparallel β strands and two α helices in the order βαββαβ, and is found in numerous disparate proteins.
The best matches to the Figure 2B ). These enzymes bind specific DNA sequences and catalyze site-specific DNA nicking, forming a 5# phosphotyrosine intermediate, and a free 3#OH group from which the DNA strand can be extended.
In common with TnpA, RCR proteins contain an HUH motif and at least one conserved tyrosine residue, and they catalyze the breakage of a phosphodiester bond. However, all structurally characterized RCR proteins are monomeric. The dimeric nature of TnpA is the result of structural differences in regions corresponding to strands β2 and β5 of TnpA, reflecting their pivotal role 
A Shared Active Site
In other RCR proteins, the helix that harbors the nucleophilic tyrosine residues interacts with the β strands near the HUH motif ( Figure 2B ). In TnpA, however, after the two β5 strands cross, helix αD extends away from the active site of its own monomer and interacts with β strands from the second monomer ( Figure 2A) . Thus, the conserved tyrosine on helix αD of TnpA, Tyr127, interacts with the HUH motif of the second monomer, whereas the invariant tyrosines in the other RCR proteins with available structures do so in the context of a single protein molecule. The major effect of this structural difference between TnpA and RCR proteins is the formation of an obligatory dimer with shared active sites. The TnpA HUH motif, comprised of His64, Ile65, and His66, is located on strand β4 ( Figure 3A ), similar to its location in RCR proteins. The nearest residue that might serve as the third Mg 2+ -coordinating ligand in TnpA is Asp61, although it is not strictly conserved among IS200 elements. The most likely candidate for the active site nucleophile in ISHp608 is Tyr127. It is the only tyrosine close to the residues of the HUH motif and the only fully conserved tyrosine in IS200 TnpA proteins. However, in both structures, helix αD is in a configuration where Tyr127 is turned away from the HUH motif (Figure 2A) , forming a hydrogen bond with Oγ of Ser110. To properly juxtapose Tyr127 with the HUH motif, an w90°twist of helix αD would be required. It is likely this occurs upon substrate binding.
Active Site and Catalytic Mechanism

Biological and Biochemical Activity
To confirm the structural implication that His64, His66, and Tyr127 are required for catalysis, transposition activity was measured in vivo using mating-out assays with appropriately mutated TnpA derivatives ( Figure  3C ). All three point mutants (His64Ala, His66Ala, and Tyr127Phe) showed severe reductions in activity, similar to background levels, whereas mutation of other His and Tyr residues did not significantly affect transposition. Mutation of other residues near the active site (Asp63 and His20) resulted in only minor decreases in transposition frequency, suggesting they provide supporting roles in structurally organizing the active site. 
In vitro DNA nicking assays indicated that wild-type
Structure of TnpA-Hairpin Complex
The structure of TnpA bound to DNA representing the top right hairpin was solved with molecular replacement and subsequently refined at 2.6 Å resolution (Table 1). The a.s.u. in the complex structure contains a TnpA dimer and two stem loops ( Figure 5A ). The DNA molecules bind to regions of strong positive electrostatic potential on the opposite side of TnpA from the active sites that are formed by the convergence of residues within and near helix αB and the turn between β1 and β2 of the opposing molecule ( Figure 5B) . The DNA stem loop (shown schematically in Figure  5C ) has a stem consisting of eight Watson-Crick base pairs and one extrahelical base (T17), forming an interior loop; a two-membered hairpin loop (T10 and T11) with a Hoogsteen base pair at its base; and a single base overhang at the 3# end. While TnpA makes numerous contacts with the phosphate backbone, only two protein side chains form base-specific interactions in the canonical double-helical part of the DNA: His11 contacts G18 in the major groove, and Lys82 contacts C8 in the minor groove. The significance of these is not clear, as neither residue is conserved and Lys82 appears to be mobile with multiple conformations. In contrast, a rich network of interactions exists to recognize the loop structures and bases T10 and T17 in these loops, forming the basis for discrimination between the top and bottom strand stem loops.
T10 at the Tip T10 and T11 are the two unpaired bases of the hairpin loop. The flanking bases, T9 and A12, form a Hoogsteen base pair (Figure 5D ), an uncommon pairing that is likely a result of structural constraints imposed by the sharp DNA hairpin turn, as neither T9 nor A12 contacts TnpA. The plane of T10 is rotated into the minor groove formed by the three base pairs flanking the loop, form-ing a wedge and allowing N3 of T10 to hydrogen bond to N3 of G13. Helix αB abuts this wedge, prohibiting the complete entry of helix αB into the minor groove while still allowing interactions between basic residues on helix αB and phosphate moieties on the DNA backbone ( Figure 5D ). T10 stacks against the peptide bond between residues Gly86 and Arg87 and sits in a pocket perfect for its size.
Other residues on helix αB provide charge-charge interactions. For example, the guanidinium moiety of Arg90 is positioned near the apex of the stem loop where the DNA backbone makes an almost 180°turn ( Figure 5D ). As a result, Arg90 forms hydrogen bonds with backbone phosphates from three consecutive bases: T11, A12, and G13.
The Importance of Being T17
The second region of the stem loop that is vital for recognition by TnpA is the flipped-out base, T17. While the Tn5 transposition reaction produces a hairpinned reaction intermediate containing a flipped-out T base (Davies et al., 2000) , the flipped-out base in ISHp608 has a different role, as it is used for specific end recognition before any chemistry takes place. In this case, T17 protrudes from the midway point along the stem, forming an interior loop. Base stacking before and after T17 is very close to that seen in B-form DNA, such that the flipped-out conformation causes little distortion.
The interactions between TnpA and T17 are mediated by both base-specific and base-nonspecific interactions ( Figure 5E ). T17 stacks between the benzene ring of Phe75 and the guanidinium moiety of Arg52. Presumably, these interactions decrease the energetic penalty of exposing the hydrophobic base to solvent. N3 of T17 is recognized by a short hydrogen bond to the carbonyl oxygen of Leu51. Hydrogen bonds between the side chains of Asn10 and Ser74 and the phosphate moieties of T16 and G18 help to position the flipped-out base within its binding pocket. Figure 1B , the sequences of ISHp608 elements from different H. pylori strains have slight variations in the imperfect palindrome that may affect stem-loop structure. For example, several elements have a left end palindrome with three unpaired thymine bases in the loop region, whereas the right end has only two unpaired thymine bases, as seen in the crystal structure. We predict that the addition of the third unpaired thymine should have only limited effects on the stem-loop structure. The observation that transposon end recognition occurs on the opposite face of the TnpA dimer from the active sites explains why the repeats are subterminal rather than at the element termini: this leaves the two active sites accessible and enough adjacent DNA to reach the active sites. We have considered the possibility that only one active site of the TnpA dimer is used; this could also account for the asymmetric spacing between the stem loops and the cleavage sites at the two ends, as one end would have to reach further than the other to encounter the active site. However, we do not favor this possibility, as it would require the spontaneous resolution of the phosphotyrosine intermediate so that the active site can be used again. The observation that TnpA is a dimer and that both active sites are located on the same face of the molecule allows for cleavage at both ends of the elements using two active sites.
Distinguishing Top from Bottom
As shown in
Relationship to Other Proteins that Recognize Stem Loops
The proposed mechanism in Figure 6 for end recognition, end pairing, and the introduction of nicks at both ends of the element will likely apply to other IS200 family members as the catalytically important TnpA residues are strictly conserved. Among the conserved TnpA residues, those that form the HUH motif (His64 and His66) and those close by (Asp63 and His20) are important for catalysis, as shown by both DNA nicking assays in vitro and mating-out assays in vivo. Two other conserved residues, Lys85 and Gly86, are crucial for stem-loop binding. The results presented here establish basic aspects of the structure/function relationships of ISHp608 transposition, but further studies are needed to clarify the transposition pathway and the mode of interaction of the cleavage substrate and the 5#-TTAC-3# motif with TnpA.
Experimental Procedures Protein Purification and Crystallization
The orfA gene from ISHp608 strain PeCan2a was placed between the NcoI and XhoI sites of a modified pET-32b plasmid (EMD Biosciences). The resulting recombinant protein is a histidine-tagged thioredoxin/TnpA fusion.
TnpA expression and purification was identical to that described for TnsA ( 
Data Collection and Structure Determination
TnpA crystals were cryoprotected with Paratone-N (Hampton Research) and flash cooled at 100 K. Multiwavelength diffraction data were collected on a CCD detector and integrated and scaled using HKL2000 (Otwinowski and Minor, 1997). Six selenium sites were identified using data to 2.4 Å resolution in SOLVE (Terwilliger and Berendzen, 1999) and solvent flattened with DM (CCP4, 1994; Cowtan, 1994). The model was built with O (Jones et al., 1991) and refined using data collected at 95 K on a rotating anode using Cu Kα radiation and an R-axis 4++ image plate detector. Refinement proceeded with simulated annealing, energy minimization, and individual B factor refinement in CNS (Brunger et al., 1998) . Water molecules were placed using CNS and manually confirmed or rejected. The Ramachandran plot has only one residue in the disallowed region, located in a loop that has poor electron density.
TnpA/DNA crystals were cryoprotected with Paratone-N and flash cooled to 95 K using liquid nitrogen. TnpA/DNA data were collected using Cu Kα radiation as above. Data were integrated and scaled 
Mating-Out Assay
The frequency of ISHp608 transposition was determined by a standard mating-out assay (Galas and Chandler, 1982) using the conjugal plasmid pOX38Km (Chandler and Galas, 1983) . 
DNA Nicking and Covalent Complex Formation In Vitro
